ABSTRACT Visceral leishmaniasis (VL) or kala-azar is transmitted by parasite-infected sandßies. The female sandßy Phlebotomus argentipes Annandale & Brunetti (Diptera: Psychodidae) carries the protozoan parasite Leishmania donovani (Kinetplastida: Trypanosomatidae) in its gut and injects the pathogen along with its saliva into the bloodstream of a human host. This article reports the successful setup of a very productive laboratory insectarium-based P. argentipes colony, by optimizing breeding conditions and choice of laboratory host animal for blood feeding of the female sandßies. The work also suggests that the source of blood feeding is a critical parameter for egg laying and maturation, which are essential for the maintenance of laboratory colonies of such hematophagous insects.
The phlebotomine sandßy is the carrier of the causative agent for the infectious disease visceral leishmaniasis (VL) throughout the worldÕs intertropical and temperate regions. The World Health Organization (WHO) has classiÞed VL as an emerging or uncontrolled disease, indicating that research in this area should be aimed at the acquisition of new knowledge and in the design of new disease control tools and strategies (WHO 2004 (WHO , 2007a . Currently, leishmaniasis occurs in four continents and is considered to be endemic in 88 countries, 72 of which are developing countries. The WHO estimates that 350 million people worldwide are susceptible to leishmaniasis (Desjeux 1996, Sharma and Singh 2008) . In fact, 60% of the VL cases, locally known as kala-azar, occur in the Indian subcontinent (India, Bangladesh, and Nepal), with 165 million people estimated to be at risk. The estimated number of cases could be much higher than the reported data with the number of deaths at Ϸ200/yr. The state of Bihar is among the worst affected, with 33 endemic districts; the neighboring states of West Bengal (10 districts), Jharkhand (Þve districts), and Uttar Pradesh (four districts) also are badly affected (WHO 2007a,b) .
VL is a disease that lowers immunity, causes persistent fever, anemia, liver and spleen enlargement, and loss of body weight; it is fatal if left untreated (Thakur 2000) . In addition to the human hostÕs susceptibility to infection and malnutrition-associated immunosuppression, there are artiÞcial risk factors such as migration, deforestation, and urbanization (Swaminath et al. 1942 , Desjeux 2001 . The recent development of new drugs and diagnostics provide an opportunity for improved case management. However, to achieve elimination or viable control of sandßy vectors, during the active season, further study is needed to improve intervention tools and Þeld level implementation strategies (WHO 2004 (WHO , 2007a . The P. argentipes vector thrives in cracks and crevices of mud plastered houses with poor sanitary conditions, in heaps of cow dung, in rat burrows, in bushes, and vegetation around homes (Swaminath et al. 1942 , Dinesh et al. 2000 , Sharma and Singh 2008 . Such environments provide optimal organic matter, heat and humidityÑ conditions that are very conducive to oviposition (egg laying) and larval development (Sharma and Singh 2008) .
During the period of blood sucking from infected human hosts, by which the vector obtains the protein necessary to develop its eggs, the female sandßy gets infected with the Leishmania donovani (Kinetplastida: Trypanosomatidae) parasite (Dinesh et al. 2008) . The parasite continues its development inside the sandlfy gut over the next 4 Ð10 d. When the infected female sandßy vector feeds on a fresh source of blood, it introduces the parasite into the bloodstream of the new victim and thus completes a transmission cycle (Sharma and Singh 2008) .
P. argentipes was known to be responsive to colonizing under controlled laboratory conditions (Smith 1925 , Shortt 1927 , Christophers et al. 1929 , Eldridge et al. 1963 , Das and Mukherjee 1969 , where Syrian hamsters or human volunteers were provided for blood feeding, producing small numbers of ßies just enough to maintain the insect culture for at least one generation and at most seven generations ( Montoya-Lerma et al. 1998) . Research on the Indian vector could not proceed very well because of the inadequate numbers of insects reared in laboratory insectariums; thus, the basic behavioral patterns of P. argentipes could not be studied without a viable colony.
Continuous maintenance of sandßy colonies would therefore be necessary for designing an appropriate integrated vector management strategy at the Þeld level. Moreover, we found no references suggesting the best animal host suitable for the laboratory breeding of a P. argentipes colony and that would sustain a ßy output on the order of hundreds per day.
This article reports the development of a mass breeding technique for a robust P. argentipes colony maintained under controlled laboratory conditions by using three nonhuman hosts and volunteer human hosts as the blood-feeding sources. We also have compared the productivity of ßy output between humans and the three nonhuman blood-feeding hosts, two of which were animal sources (rabbit and mice); the third being in vitro feeding with rabbit blood. These colonies would support work undertaken in different aspects of P. argentipes research such as biology, genetics, and behavioral and chemical ecology as well as in the development of repellent and disease transmission studies in the Indian subcontinent.
Materials and Methods
Insect Breeding. Laboratory breeding of P. argentipes was initiated using wild male and female insects collected from the endemic natural habitats (resting places) in the Vaishali district of Bihar. Light from a three-celled ßashlight (each of 1.5 V) was shone on crevices (sandßy resting places) in village homes, and sandßies were collected via an aspirator. The aspirator was assembled by inserting a glass tube (45 cm in length and 1 cm in diameter) into a rubber tube of same dimensions. The glass end of the aspirator was placed on the illuminated crevice and gentle suction was created by sucking air into the aspirator through the rubber tube to draw sandßies to into the glass tube. A nylon mesh (nearly 56 holes per cm 2 ), placed between the glass and rubber tubing prevented entry of the ßies beyond the glass tubing.
Conditions for laboratory breeding of the insect culture were optimized after repeated experimentation following general mass-rearing techniques (Endris et al. 1982 , Yaghoobi-Ershadi et al. 2007 . P. argentipes collected from the wild were kept in Barraud cages (built in RMRI workshop, Patna, India) and were fed saturated sugar solution to facilitate mating. They were transported to RMRI and transferred to oviposition pots, called Hilton pots. Round plastic containers (10 cm in height and l6 cm in diameter) with Ϸ15Ð20 holes (2 cm in diameter) in the bottom and on the lid were used to prepare the Hilton pots (RMRI) for oviposition. Plaster of Paris paste (Ϸ1 cm in thickness) was spread on a smooth glass surface. The plastic pots were placed over the paste and left there for 1 h, allowing the Plaster of Paris to Þx to the bottom of the pot. The pots were then removed and all the extra Plaster of Paris was scraped off. Pieces of Þlter paper (6 cm in width) were placed inside the Hilton pot to cover the ßoor and entire internal wall of the pot. Another folded Þlter paper (no. 5Ð7) of the same dimension was placed inside the pot (simulating crevices in the mud walls in the homes) for providing suitable oviposition places for egg laying (Fig. 1) .
In each Hilton pot, 20 females and 20 males of P. argentipes were released via an aspirator. After placement of the insects, the holes in the lid were plugged with cotton wool. These pots were placed in a tray on a wet lint cloth and were kept at 28 Ð30ЊC and 80% RH in insectariums. Fifty to 60 Hilton pots were kept under daily observation until egg laying was noticed (Fig. 1) . The eggs laid on the Þlter paper layers in these oviposition pots (Ϸ600 Ð 800 eggs per 130 pots) were collected and washed with distilled water to remove any unwanted material. Excess distilled water, which is detrimental to the eggs, was removed via a pipette. Once the eggs started hatching, antifungal-treated larval food (Modi and Tesh 1983 ) was provided for development of the neonates. The feeding pots were monitored daily for any foreign organisms (e.g., mites) and care was taken to remove them before providing the larval food. The larvae transformed to pupae after the fourth instar feeding stage, and the emerged adults were transferred to Barraud cages. The adult ßies (Ϸ510 Ð 680 per pot, calculated observing 15% mortality in the immature stages of the life cycle), consisting of both males and females, were starved for 24 Ð 48 h and then offered a bloodmeal from all four bloodfeeding sources in succession. The presence of males along with females was observed to be crucial for efÞcient blood feeding and oviposition.
Blood Feeding. The four blood-feeding sources used in this study were BALB/C mice, rabbit, human (six volunteers) and a chick membrane. Mice and rabbits were anesthetized with ketamine (10 mg/kg given intramuscularly), and sufÞcient time was allowed for sandßies to feed on the blood source. (RMRI Institutional Animal Ethical Committee has the license for the laboratory rearing of rabbits and mice in the RMRI animal house and for the proposed research study using these animals, as per the directives and guidelines of the Government of India.) We did not include hamsters for a blood-feeding source, because these animals seem to be unsuitable for long-term rearing of Phlebotomus species (Kumar et al. 1986 , Ghose and Battacharya 1989 , Kumar et al. 1989 ). For animal or human blood feeding, the anesthetized animals (rabbits or mice) or hands of human volunteers (six persons), were placed in the 30-by 38-cm holding cage covered with argendi cloth (Fig. 2) . The cage consisted of a glass top, wire mesh on two sides with a wooden plank at the bottom and contained 500 Ð 600 starved sandßies.
For membrane feeding, the chick membranes were washed with sterile saline, dried, wrapped in aluminum foil and stored at Ϫ20ЊC. The inner chamber of a double walled glass membrane-feeding chamber (2.5 cm in diameter), was Þlled with 5 ml of anticoagulated rabbit blood by using a glass pipette, making sure that there were no air bubbles in the blood column. The thawed membrane, which was exposed outward, was tied to the funnel mouth of the feeder, with circulating water at 37ЊC in the outer jacket of the membrane feeder using a thermostatic circulator (Prista pump, ATTO, Tokyo, Japan). The membrane feeder was mounted in a small glass cage Þlled with 200 Ð300 starved sandßies with a hole on the top to Þt the feeding cup tightly so that the membrane was exposed for blood feeding of female ßies.
Observations and Statistical Analysis. In all methods, the sandßies were allowed to feed approximately for 30 min on the blood sources while maintaining constant temperature and humidity. Twenty-four blood-feeding experiments (replicates) were carried out under identical conditions for each of the four blood-feeding sources in succession; the insects used for each of the feeding events belonged to different generations. The blood-fed female insects were counted and groups of 20 were transferred (along with equal number of males) to plastered oviposition pots and provided with saturated sugar solution feed for the egg-laying cycle. One single cycle of feeding experiments took nearly 35Ð 45 d. The percentage of insects blood feeding, number of eggs laid per female, percentage of hatching, percentage of adult emergence, and ratio of males to females in the emerged adults were calculated based on the number of female ßies per oviposition container.
Observations recorded for 96 feeding experiments in total were analyzed for statistical signiÞcance using a standard SPSS package (version 17.0, SPSS Inc., Chicago, IL), and the results are depicted in Table 1 . Statistical signiÞcance of different treatments, while analyzing different parameters per data set, was carried out by analysis of variance (ANOVA) (P Ͻ 0.05). Wherever percentage data were used, before carrying out ANOVA, suitable variance stabilizing transformation was adopted. Post hoc analysis, which essentially consists of comparing a pair of treatments, was done by using the standard least signiÞcant difference test, and the values are expressed as ϮSEM to indicate error associated with reproducibility of inference drawn, coefÞcient of variation (CV) and critical difference (CD).
Results and Discussion
From the above-mentioned data (Table 1) , we can see that the percentage of insects blood feeding as well as the number of eggs laid per female are signiÞcant with rabbit feeding experiments, which is closely comparable to the output from human feeding, in comparison with the other two hosts. With respect to male to female ratio and the percentage of adult emergence, the treatments are at par for all four hosts. There is a small advantage of higher hatching in mice compared with rabbits. However, our objective is to strengthen the colony and to achieve this, we need maximum eggs laid per female as well as maximum feeding on a laboratory host. Although the percentage of insects blood feeding is higher in humans compared with rabbits, we could not provide human hosts for feeding purposes on a continuous basis.
Hence, rabbit feeding seems very promising in comparison with other hosts, because we get a much larger percentage of feeding on rabbits, compensating for the small hatching advantage observed with mice. Rabbits also seem to be the preferred choice for maintenance of laboratory colonies of P. argentipes, because of the large surface area available for a larger number of insects to feed in a single blood-feeding event. Membrane feeding seems to be the least preferred feeding method, presumably because of the absence of host released chemical attractants typically possessed by animal hosts and possibly humans.
Our results illustrated by Table 1 from the four blood-feeding sources have established that the rabbit is a viable alternative to human hosts for mass rearing of P. argentipes under laboratory conditions, with approximately a 1:1 male to female ratio in the emerged adults, which is similar to ratios generally observed in wild populations. In terms of absolute numbers, we could achieve a production of sandßies (reared on rabbit hosts), ranging between 7,000 and 10,500/wk, with the available insectarium facilities at RMRI, Patna. The comparison data recorded for the daily ßy output between rabbits (405 Ϯ 2.68 [mean Ϯ SEM]) and mice (206 Ϯ 5.86) in the feeding experiments for 20 generations, established the advantage of the rabbit as a blood-feeding source. We were able to maintain the sandßy cultures on rabbits for 32 generations but with a relatively lower ßy output during winter months (i.e., DecemberÐFebruary) with variations in the duration of life cycle from 25 to 40 d per generation. Hence, if a nonhuman host has to be incorporated into colony rearing of P. argentipes, we recommend the rabbit as the most suitable animal host. 
